a r t I C l e S Microglia are the tissue macrophages of the brain and are crucial for maintaining tissue homeostasis and for scavenging of pathogens, dying cells, and molecules through microbial-associated molecular pattern receptor dependent and independent mechanisms [1] [2] [3] . In addition to their established role in host defense, microglia are important for proper brain development. In the brain, microglia are also critical for synaptic pruning and remodeling during development and adulthood 4 .
Given the importance of microglia in physiological brain function, it is not surprising that an increasing number of microglia-related genes have been found to be associated with neuropsychiatric or neurological disorders in humans. These include roles for CD33 in Alzheimer's disease 5, 6 , TREM2 in frontotemporal dementia 7 and CSF1R in hereditary diffuse leukencephalopathy 8 . In addition, mice lacking CX 3 CR1, a chemokine receptor expressed on microglia, exhibit defective neuron-microglia signaling, which results in impaired functional brain connectivity and altered social behavior 9 . There is a critical knowledge gap in the environmental cues that shape microglia function under homeostatic and disease conditions. With the rising incidence of neurodegenerative and neuropsychiatric disorders, 'microgliopathies' , in which microglia dysfunction is the primary disease-causing condition, are beginning to garner increased attention 3 .
Despite their localization in the CNS, microglia are ontogenetically and functionally most closely related to the mononuclear phagocytic system in the body, specifically tissue macrophages and circulating myeloid cells 10 . Similar to other tissue macrophages, microglia develop early during embryogenesis from immature yolk sac progenitors [11] [12] [13] . In contrast with most of their tissue relatives, microglia persist throughout the entire life of an organism without any substantial input from circulating blood cells as a result of their longevity and self-renewal capacities 14, 15 . Thus, microglia have several features that are unique from other tissue macrophages that may be attributed to their seclusion behind the blood-brain barrier (BBB), which ensures CNS integrity 16 .
Despite the brains' separation from the rest of the body, numerous studies have highlighted interactions between the CNS and the gastrointestinal system. Bacterial colonization of the intestine has a major role in the postnatal development and maturation of the endocrine system 17 , which underpins CNS function and is of particular relevance to neurochemical (for example, serotonergic) system development 18 . For example, GF mice exhibit exaggerated stress responses 19, 20 . These results support the idea that brain levels of several neurochemical mediators that are important for neuronal function are under the influence of the host microbiota. However, the interaction of the gut microbiota with the CNS resident immune system, such as microglia, has not been investigated.
The gut microbiota influences the cellular proportions, migration and functions of various immune cell subsets 21 . Recent studies a r t I C l e S have provided numerous examples illustrating how gut bacteria modulate innate and adaptive immune responses at mucosal surfaces during infection, inflammation and autoimmunity 22, 23 . Even outside of the gut, microbiota regulates immune responses that influence organ-specific autoimmunity in animal models of rheumatoid arthritis and type I diabetes 24, 25 . Autoimmune inflammation of the brain may also be dependent on the presence of a complex microbiota 26 . In a mouse model of multiple sclerosis, the gut microbiota was essential for triggering peripheral immune processes, leading to a relapsing-remitting autoimmune disease driven by myelin-specific CD4 + T cells 26 . Gut microbiota metabolites may stimulate CD4 + T cells to achieve their encephalitogenic properties outside of the brain, for example, in the lymphoid tissues of the intestine or in the local draining lymph nodes, Ccnd3 (cell cycle)
SPF GF
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RESULTS
GF animals display global defects in microglia
Initially, to determine whether host microbiota have any effects on the brain innate immune system under steady-state conditions, we profiled microglia from brains of colonized (specific pathogen free, SPF) and GF animals. In general, GF animals exhibited enlarged caeca with increased weights and dark-colored cecal contents as a consequence of their absent gut microbiome, as described previously 27 (Fig. 1a) . In flow cytometry-isolated CD11b + CD45 lo microglia from seven biological replicates of SPF and GF mice, we measured the genomewide mRNA expression profiles by quantitative deep sequencing of the RNA transcripts (RNA-seq; Fig. 1b) . We observed marked differences in the mRNA profiles of microglia genes between SPF and GF animals. In total, 198 genes were significantly downregulated and 173 genes were upregulated (P < 0.01 and twofold change) in microglia from GF mice compared with colonized SPF controls. Among the downregulated transcripts in microglia from non-colonized GF animals, we identified many genes that were linked to cell activation such as Mapk8, Fcgr2β, IL-1α, Ly86, Cd86 and Hif1α (Fig. 1c,d and Supplementary Table 1 ). Genes that are required for signaling of the type I IFN receptors, such as Janus kinase 3 (Jak3) and signal transducer and activator of transcription 1 (Stat1), were also diminished in GF microglia. As a sign of premature immune function of microglia, the MHC class I related β 2 microglobulin (B2m) was also found to be reduced. Moreover, TRIM family members such as Trim30α were downregulated. TRIM proteins are involved in pathogen-recognition and regulation of transcriptional pathways in host defense. In contrast, some upregulated genes expressed in microglia from GF mice were inhibitors of transcription, such as Nfkbiα (which encodes IκBα) (Fig. 1b) . Notably, the central microglia transcription and survival factors Sfpi1 (encodes PU.1) and Csf1r, which are downregulated in mature adult microglia 13, 28 , were significantly upregulated in microglia from GF mice (Csf1r, P = 0.0001; Sfpi1, P = 0.0075; Fig. 1e,f,  Supplementary Fig. 1a and Supplementary Table 1) . Prominently, several genes associated with either activation of cell proliferation (for example, Iqgap1, DNA damage-inducible transcript 4 (Ddit4, also known as Redd1), stimulation of cell cycle (for example, Cdk9 and Ccnd3) or inhibition of apoptosis (Bcl2) were substantially increased under GF conditions (Fig. 1b,e) . In fact, the most amplified gene found in microglia from GF mice was Ddit4 (11.2 ± 3.2-fold elevated compared with SPF microglia). DDIT4 fundamentally regulates cell growth, proliferation and survival via inhibition of the activity of the mammalian target of rapamycin complex (mTORC) 1 and activation of mTORC2 (ref. 29) . Furthermore, genes related to epigenetic modifications were also found to be dysregulated in microglia from GF mice (Supplementary Fig. 1b) .
Microglia can achieve polarized states that are characterized by specific genetic signatures that allow the distinction of M0, M1 and M2 microglia, respectively 3, [30] [31] [32] . Under GF conditions, we found a r t I C l e S no bias toward a specific type of microglia polarization (Fig. 1g) . M1-and M2-related genes were only marginally changed, whereas most differently regulated genes were found to localize in the M0 cluster, indicating that microglia steady-state condition was severely altered in the absence of microbiota. We next measured levels of several microglia maturation and activation factors by flow cytometry (Fig. 2) . In general, the surface molecules CSF1R, F4/80 and CD31 are strongly developmentally regulated with decreasing levels during maturation 13 . Notably, the percentage of CSF1R + (CD115), F4/80 + and CD31 + microglia, as well as the mean fluorescence intensities (MFIs) of CSF1R and F4/80, were increased under GF conditions, whereas the activation molecules CD44, CD62L and MHC class II were not regulated, suggesting that GF microglia had an immature phenotype. In conclusion, comparison between the genome signatures and surface molecules of microglia from colonized (SPF) and non-colonized (GF) animals suggests that commensal microbes are important for shaping microglia maturation and steady-state conditions.
To further investigate the mechanism of microglia immaturity when derived from sterile animals, we performed a thorough histopathological analysis of different brain regions from adult GF and SPF mice (Fig. 3a) . GF mice exhibited no abnormalities of the CNS gross anatomy on a histological level. Notably, the amount of NeuN + neurons, GFAP + astrocytes and Nogo-A + oligodendrocytes was not altered, indicating a primary effect in the immune cell compartment of the CNS (Supplementary Figs. 2 and 3) . Brains of GF mice did not display any obvious lymphocytic infiltrates and were devoid of any perivascular inflammatory cuffs under homeostatic conditions ( Supplementary Fig. 4 ). We did not observe any overt accumulations of microglia. However, there were significantly more Iba-1 + microglia in all of the brain regions investigated in GF mice (cortex, P = 0.0024; corpus callosum, P = 0.0008; hippocampus, P = 0.0073; olfactory bulb, P = 0.0092; cerebellum, P = 0.0246; Fig. 3a,b) . Increased microglia cell numbers were not restricted to the gray matter and were also present in subcortical white matter regions ( Fig. 3b and Supplementary Fig. 5a ). Accordingly, the expression level of the cell cycle and proliferation-promoting gene Ddit4 was increased (Fig. 3c ) and the number of proliferating Iba-1 + Ki67 + microglia was elevated under GF conditions (Fig. 3d,e) . Semi-automatic quantitative morphometric three-dimensional measurements of microglia revealed significantly longer processes and increased numbers of segments, branching and terminal points. These morphological a r t I C l e S observations support that marked changes occurred in microglia in GF mice (dendrite length, P = 0.0238; number of segments, P = 0.0238; number of branch points, P = 0.0209; number of terminal points, P = 0.027; volume, P = 0.0413; Fig. 3f,g ). GF microglia frequently displayed physical contacts with adjacent microglia and therefore did not respect neighboring cell territories, as observed under SPF conditions ( Supplementary Fig. 5b ).
Because homeostasis and development of microglia are dependent on specific survival factors, such as IL-34, CSF-1, TGFβ1 or the transcription factor PU.1 (refs. 11-13,32,33), we measured the expression of these molecules in different brain regions of GF mice by quantitative PCR (Supplementary Fig. 5c ). In contrast with a recent study 34 , the absence of a complex microbiota did not result in decreased levels of Csf1 mRNA or other survival factors in the brain. We found that cytokine and growth factor levels were normal or even increased, suggesting that global microglia defects in GF mice are not a result of reduced production of the CSF1R ligands or Tgfβ1 expression by neuroectodermal cells.
Lack of microbes diminishes microglia immune response
Microglia are the first responders to bacterial or viral infections of the brain, mediating early pathogen control and coordinating downstream immune reactions 2, 35 . To examine the functional consequences of microglial immaturity and malformation in mice lacking microbes, we employed a lipopolysaccharide (LPS) stimulation protocol that leads to a strongly activated CNS innate immune response 36 . SPF and GF mice were challenged intracerebrally (i.c.) or intraperitoneally (i.p.) with the TLR4 agonist LPS and microglia response was studied 6 h thereafter. At least three mice per group were analyzed. Data are representative of two independent experiments. Significant differences were examined by an unpaired t test (*P < 0.05, **P < 0.01, ***P < 0.001). ns, not significant. npg a r t I C l e S First, microglia from i.c. injected mice were isolated and whole-genome gene expression was determined by an Affymetrix Genome 430A 2.0 array. In general, 1,683 genes were similarly modulated under both conditions compared with phosphate-buffered saline (PBS) controls (Fig. 4a) . Notably, microglia from SPF animals regulated 481 individual genes, whereas microglia from GF mice exhibited expression changes in 273 unique genes. Statistical analysis of the most differently expressed genes between both housing conditions revealed 21 and 57 significantly (P < 0.01) and at least twofold up-and downregulated genes in microglia from GF and SPF mice, respectively, 6 h after LPS treatment compared Ten LCMV-treated and three PBS-control mice were analyzed for both housing conditions, respectively. Data are representative of two independent experiments. Significant differences were examined by an unpaired t test (*P < 0.05, **P < 0.01, ***P < 0.001). ns, not significant. (Fig. 4b) . Subsequent investigation of the gene ontology enrichment network on differentially expressed genes revealed that mostly cytokine and chemokine pathways were affected in GF microglia, leading to a strongly reduced repertoire of the innate immune response (Supplementary Fig. 6 ), a finding that was clearly evident in the expression levels of the 78 differently expressed genes (Supplementary Table 2 ). Gene array data were confirmed by quantitative real-time PCR (qRT-PCR) analysis of the LPS-induced genes (Fig. 4c) . The cell cycle gene cyclin D2 (Ccnd2) was only weakly induced in GF microglia compared with SPF controls. In contrast, genes associated with, but not specific for, early myeloid cell activation, such as S100a4, S100a6, S100a8 and S100a10, showed increased expression in GF microglia. Similarly, i.p. injection of LPS resulted in an attenuated induction of several proinflammatory genes (Supplementary Fig. 7 ). Subsequent investigation of microglia morphology in GF mice revealed malformed microglia that failed to display the activated morphology with rounded perikarya and small processes that stimulated SPF microglia exhibit (Fig. 4d,e) . However, less-extensive differences were observed as compared with the non-challenged microglia (Fig. 3f,g ). Next, we challenged GF mice with lymphocytic choriomeningitis virus (LCMV) i.c. and examined microglia expansion after 4 d of viral exposure (Fig. 5a) . Microglia from SPF mice responded with a robust increase of cell density, whereas the virus-induced microgliosis was less pronounced under GF conditions. Gene expression profile comparisons revealed major differences between GF and SPF microglia (Fig. 5b) . Quantitative real-time PCR analysis of LCMVinduced genes confirmed that there was a disturbed innate immune response following viral exposure (Fig. 5c) . The expression of regulators of microglia cell proliferation, differentiation, activation and transformation, such as c-Jun, c-Fos, FosB and cyclin B2, and proinflammatory molecules, such as Tnf-α and Il-1β, were significantly changed (c-Jun, P = 0.0042; c-Fos, P = 0.0016; FosB, P = 0.0008; cyclin B2, P = 0.0491; Tnfα, P = 0.0072; Il-1β, P = 0.0315). Impairment of microglial immune response under GF condition was accompanied by prominent morphological differences following virus infection (Fig. 5d,e) . These data collectively suggest that, in the absence of intestinal microbes, the innate immune response of microglia is strongly diminished and host microbiota promote microglial resistance against bacterial and viral challenge.
Depletion of intestinal bacteria influences microglia GF mice have never been exposed to a complex microbiota and therefore microglia prenatal development might also be affected in those mice. To clarify whether microglia in conventionally colonized mice npg a r t I C l e S require a continuous input from their resident microbes, we treated SPF mice orally with broad-spectrum antibiotics for 4 weeks. As expected, depletion of the intestinal microbiota induced markedly enlarged caeca (Fig. 6a) . Thus, the caeca from mice that were exposed to broad-spectrum antibiotics macroscopically resembled those of GF mice, as noted previously 27 .
Overall, in antibiotics-treated animals, the immature phenotype of microglia largely mirrored the results obtained in GF animals. However, the number of microglia was not changed by the antibiotic treatment (Fig. 6b) . Consistent with this observation, the cell cycle molecule Ddit4 was not altered (Fig. 6c) . Direct immunofluorescence visualization of Iba-1-labeled microglia and subsequent semi-automatic npg a r t I C l e S morphometric measurements of individual cells showed statistically significant changes of cell morphology, such as dendrite length, number of branching points and segments, and cell volume, reminiscent of the malformed microglia seen in GF animals (dendrite length, P = 0.0001; number of segments, P < 0.0001; number of branch points, P < 0.0001; number of terminal points, P = 0.0001; volume, P = 0.0486; Fig. 6d,e) . Furthermore, flow cytometric analysis revealed an increase of the microglia maturation marker F4/80, whereas expression levels for CSF1R and CD31 displayed an increasing trend, but did not reach substantial changes (Fig. 6f,g ). Collectively, these data suggest that a continuous contribution of intestinal microbes is critical for the homeostasis of microglia under steady-state conditions.
Reduced complexity of microbiota impairs microglia
We next addressed the question of whether the full repertoire of microbes found in SPF mice is required for microglia homeostasis. Depending on the analysis method, SPF mice usually harbor between 400 and 1,000 bacterial strains in their gut microbiota 37 . Starting with GF mice, Schaedler and colleagues carried out experiments in the 1960s in which they reintroduced consortia of defined intestinal bacteria 38 . We examined mice colonized with three strains of the altered Schaedler flora: Bacteroides distasonis (strain ASF 519), Lactobacillus salivarius (strain ASF 361) and Clostridium cluster XIV (ASF 356) 37 . We took advantage of this tri-colonized mouse line that macroscopically displayed GF-like caeca (Fig. 7a) and examined their microglia. Iba-1 + microglia were readily visible in the cortex of the tricolonized ASF mice and were, as in GF conditions, present in higher numbers (Fig. 7b) . Consistent with this observation Ddit4 mRNA was significantly increased in microglia from the tri-colonized ASF mice (P = 0.0001; Fig. 7c ). Similar to our findings in GF mice, microglia from the tri-colonized ASF mice displayed major alterations in their cell morphology, indicative of an immature phenotype (Fig. 7d,e) , which suggests that a host microbiota with limited diversity is not sufficient to induce comprehensive microglia maturation.
Defective microglia can be restored by microbiota or SCFA We investigated whether reconstitution of the intestinal microbiota of ASF mice was sufficient to re-establish microglia features. Tri-colonized ASF mice were exposed to a complex microbiota by co-housing with SPF mice and examined 6 weeks later. Cecal dimensions revealed a SPF-like phenotype macroscopically (Fig. 7f) , indicating that this co-housing resulted in colonization with a more complex microbiota. Histological examinations of cortical specimens revealed a normalized microglia cell count (Fig. 7g) . Ddit4 mRNA levels returned to levels observed in SPF microglia (Fig. 7h) . Similarly, unbiased semi-automatic measurements of microglia cell morphology revealed largely, but not completely, restored defects in microglia proportions, such as almost normal dendrite lengths, numbers of segments and branching points (Fig. 7i,j) . To further evaluate the bacterial colonization, we measured the bacterial levels before and after cohousing and compared it with GF conditions or antibiotic treatment (Supplementary Fig. 8 ). Quantitative measurements of bacterial 16S rRNA gene copies revealed almost no detectable intestinal bacterial species in the caeca of GF and antibiotic-treated SPF mice, whereas both tri-colonized ASF and SPF co-housed tri-colonized ASF mice had a much higher bacterial load (Supplementary Fig. 8a ). Targeted quantitative PCR revealed an enrichment of a greater number of bacterial clades in SPF and SPF co-housed tri-colonized ASF mice Figure 8 SCFA restore microglia malformation and immaturity in GF mice. (a) Relative cecal weight of six SPF (SPF contr.), six GF mice fed with sodium-matched water (GF contr.) or nine GF mice treated with SCFAs (GF SCFA) for 4 weeks. Symbols represent data from individual mice. Data are presented as mean ± s.e.m. Significant differences were determined by an unpaired t test (***P < 0.001). P values: SPF (contr.) versus GF (contr.), 0.0001; SPF (contr.) versus GF (SCFA.), <0.0001. (b) CNS histology of the cerebral cortex that was subjected to immunohistochemistry for Iba-1 to detect microglia (left) and quantification (right). Scale bars represent 50 µm. Representative pictures of six examined control mice and nine SCFAtreated mice are displayed, respectively. Each symbol represents one mouse and three to four sections per mouse were examined. Data are presented as mean ± s.e.m. Significant differences were determined by an unpaired t test (*P < 0.05). P values: SPF (contr.) versus GF (contr.), 0.0456; GF (contr.) versus GF (SCFA.), 0.0118. (c) Expression of Ddit4 mRNA measured by qRT-PCR in microglia isolated from SPF (contr.) (black bar), GF (contr.) (white bar) or GF mice treated with SCFA (gray bar). Data are presented as mean ± s.e.m. with six control samples and nine SCFA-treated samples. Significant differences were determined by an unpaired t test (*P < 0.05, **P < 0.01). P values: SPF (contr.) versus GF (contr.), 0.0064; GF (contr.) versus GF (SCFA.), 0.0306; SPF (contr.) versus GF (SCFA.), 0.0056. (d) Morphology of representative cortical microglia (scale bars represent 15 µm, d) and Imaris-based quantification of cellular parameters (e). Each symbol displays one mouse with three measured cells per animal. Six SPF and GF control animals and nine SCFA-treated GF animals were investigated. Data are presented as mean ± s.e.m. Significant differences were determined by an unpaired t test (*P < 0.05, **P < 0.01, ***P < 0.001). Fig. 8b) , suggesting that bacterial community complexity rather than bacterial biomass is necessary for microglia homeostasis.
What are the signaling pathways by which microbes promote steady-state function and maturation of microglia? Human and mice rely on bacteria to break down indigestible dietary components such as fibers 39 . Short-chain fatty acids (SCFAs) are bacterial fermentation products that include acetic acid, propionic acid and butyric acid and have recently been shown to be vital for immune cell homeostasis in the colon 40 . To investigate whether SCFA can restore microglia immaturity and malformation in the absence of host microbiota, we placed a SCFA mix in the drinking water of GF mice for 4 weeks (Fig. 8) . Cecal hypertrophic changes were not reversed by SCFA treatment (Fig. 8a) . However, histological investigations of cortical specimen revealed a largely normalized microglia density (Fig. 8b) that was accompanied by markedly reduced Ddit4 mRNA levels similar to those observed in SPF levels (Fig. 8c) . Measurements of microglia cell morphology showed largely restored defects in microglia proportions, such as approximately normal numbers of segments, branching points, terminal points and cell volumes (Fig. 8d,e) . Microglial immaturity, as reflected by high CSFR1 surface expression, was reversed by SCFA supplementation (Fig. 8f) , whereas F4/80 and CD31 levels were not decreased. GPR43 (which is encoded by Ffar2) binds SCFA and, through its expression on innate immune cells, mediates resolution of inflammatory responses 39 . We examined the brains of Ffar2 −/− mice and measured microglia cell densities, which were not altered (Fig. 8g) . However, Ffar2 −/− mice displayed severely malformed microglia with major alterations of dendrite length, number of segments, branching points, terminal points and increased cell volumes (Fig. 8h,i) , reminiscent of microglia from GF animals. Given that SCFA can influence microglia features, we asked whether its receptor FFAR2 is expressed on microglia or other CNS cells or whether peripheral myeloid cells harbor this receptor, as reported previously 40 . We found no Ffar2 mRNA expression on any neuroectodermal CNS cell type, CNS endothelia or microglia, whereas strong signals were observed in the spleen (Fig. 8j) . Subsequent immunofluorescence analysis revealed FFAR2 expression on splenic Iba-1 + myeloid cells in the red pulp while parenchymal microglia were devoid of any FFAR2 signal (Fig. 8k) . Together, these findings demonstrate that microglial defects are reversible and can be re-established by re-introducing live and complex microbiota or microbial metabolites, for example, SCFA.
Microbial-associated molecular patterns (MAMPs) have been shown to modulate various aspects of the host immune response 41, 42 . Furthermore, MyD88 (an adaptor for recognition of many MAMPs) was recently shown to promote myelomonocyte expansion and differentiation 43 . Accordingly, we sought to address whether microbiota-derived MAMPs are involved in the maintenance of microglia under homeostatic conditions. We examined mouse mutants lacking Toll-like receptor (TLR)2, TLR3, TLR4, TLR7 and TLR9, which all primarily use MyD88-or TRIF-dependent pathways following engagement 44 . Given that these microglia are unresponsive to most bacterial MAMPs (such as bacterial lipoproteins (TLR2), double-stranded RNA (TLR3), LPS (TLR4), RNA (TLR7) and CpG-DNA (TLR9)), we would anticipate an absence of activation by the microbiota. Nevertheless, Tlr2 −/− ; Tlr3 −/− ; Tlr4 −/− ; Tlr7 −/− ; Tlr9 −/− mice displayed normal cecal dimensions (Supplementary Fig. 9a ) and normal appearance, density, morphology and an unchanged maturation status of parenchymal microglia (Supplementary Fig. 9b-f) , suggesting that these MAMPs are not necessary for the maintenance of microglia under steady-state conditions. Collectively, our data indicate that microglia maturation and function are tightly controlled by the host microbiota and that complex molecular signals promote microglia differentiation, ensuring their function as sentinels for the early detection and control of microbial danger signals. Furthermore, TLR2, TLR3, TLR4, TLR7 and TLR9 were not required for microglia maintenance under nondiseased conditions, and impaired microglia maturation observed under GF conditions could successfully be rescued by re-establishment of a complex microbiota or by supplementation with SCFA.
DISCUSSION
We examined interactions between the gut microbiota and the brain's endogenous macrophages, microglia. Colonization with a complex microbiota modulated microglia activation and maturation status during homeostatic conditions. Constitutive (as found in GF mice) or induced (antibiotics) depletion of a host's resident microbes markedly compromised microglia maturation and cell shape, leading to blunted early responses following microbial-associated molecular pattern or pathogen encounter such as exposure to LPS or LCMV.
The host microbiota is necessary for maintaining systemic populations of neutrophils in the circulation by modulating hematopoietic stem cell and myeloid precursors in the bone marrow 45 . Consistent with these observations, bone marrow-derived splenic macrophage and monocyte populations were found to be reduced under GF conditions 34 . In both studies, paucity of myelomonocytic cells was ascribed to impaired expansion and development of myeloid precursors in the bone marrow, possibly as a result of reduced levels of the myeloid survival factor CSF1 (ref. 34) . In contrast with these reports, we found increased levels of parenchymal macrophages in the CNS. In addition, the expression levels of the CSF1R ligands Il-34 and Csf1 were not diminished in several brain regions, suggesting that there are other mechanisms of microbiota-driven maintenance of tissue macrophages in the CNS. Several molecules positively regulating cell cycle, such as Dit4, were elevated in the absence of microbiota. Dit4 is induced for example, upon cellular stress and nutrient deficiency 29 . Consistent with the increased microglia cell number in GF and tri-colonized ASF mice, we observed enhanced levels of Ddit4, which is an actor in the mTor signaling cascade.
How commensal microbes (presumably in the gut) are able to control microglia maturation and innate immune reaction in distant sites such as the brain remains incompletely understood. Mice deficient in MyD88 signaling display reductions in systemic myeloid cell populations and myeloid precursors 43 . Given that microbial ligands have been detected in systemic sites, including the bone marrow 42 , microbiota-derived MAMPs that originate in the gut may mediate steady-state myelopoiesis in primary immune sites. For microglia, however, we did not observe any changes in microglia maturation and morphology when the MAMPs recognized by TLR2, TLR3, TLR3, TLR7 and TLR9 were absent, suggesting that there are other mechanisms for microbiota-driven microglia maturation. Whether MyD88-deficient animals have an altered quantity and maturation of microglia has not been determined.
We found that bacterial products or metabolites from members of the gut microbiota, such as SCFAs, are key molecules that modulate microglia maturation, morphology and function. SCFAs may translocate from the intestinal mucosa to the systemic circulation, where they could affect immune regulation and CNS function 46 . Our expression study revealed no expression of the SCFA receptor FFAR2 in the CNS, instead finding it only on peripheral myeloid cells, which is in contrast with a recent study that suggested direct SCFA effects on brain endothelial cells 47 . However, receptors are not necessary for SCFA cell entry into the CNS 46 .
In addition, the gut communicates to the brain via hormonal signaling pathways that involve the release of gut peptides with npg a r t I C l e S modulatory functions from enteroendocrine cells 46 . Studies in GF mice suggest that the gut microbiota mediates and regulates the release of gut peptides 48 . Microbiota can elicit signals via the vagal nerve to the brain and vice versa. The behavioral effects mediated by some probiotic strains in rodents were dependent on intact vagal nerve activation 49 . In addition, indirect effects of the gut microbiota on the innate immune system can result in alterations in the circulating levels of pro-inflammatory and anti-inflammatory cytokines that directly affect microglia function.
Our study indicates that microglia are particularly affected when a complex microbiota is absent. However, we cannot completely rule out the possibility that other CNS cells, such as neurons, astrocytes or endothelia, are affected as well and that microglia receive signals via those cells. However, our detailed histological analyses, including unbiased automated measurement of cell structures, revealed substantial changes only in microglia in GF mice, whereas other cell populations were virtually unaltered.
When does the host microbiota shape microglia functions? Microglia are derived from early c-kit + erythromyeloid precursors in the yolk sac around 8.0 days post conception (dpc) that subsequently mature into macrophages and populate the developing neuroectoderm starting from 9.5 dpc 3, 13 . It is generally accepted that all microglia in the adult brain are derived from this early wave of development and represent an extremely long-lived cell population without any input from the circulation after birth 15 . In turn, intrauterine environment and fetus are sterile until delivery and a first encounter with germs occurs in the first days, when the BBB is already established 46 . On the other hand, prenatal immune activation by exposure of mothers to the viral mimetic poly(I:C) has recently been suggested to increase the vulnerability of the pubescent offspring to stress, resulting in behavior abnormalities and aggravated neuroimmune responses in mice that are characterized by increased numbers of activated microglia in the hippocampus 50 . Our results, however, support the idea that, even during adulthood, a continuous input from complex microbiota is necessary for microglia maintenance. Notably, even preservation of the maturation status of microglia is obviously an active process controlled by microbiota-derived signals. If these input signals are lost, for example, by antibiotics-induced eradication of bacteria, microglia regain an immature status reminiscent of developing juvenile microglia. Notably, this juvenile phenotype of microglia can be overcome by recolonization of the gut with complex microbiota, indicating a great plasticity of the gut-microglia connection.
In summary, we found that host microbiota are crucial for microglia maturation and activation during health and disease, and we provide evidence for a constitutive activity of microbes on the brains innate immune system. These results may assist our understanding and treatment of microglia-mediated inflammatory, neuropsychiatric and oncologic diseases of the CNS.
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